Abstract. In this paper we present observations of long-period magnetospheric-ionospheric perturbations during northward interplanetary magnetic field (IMF). On November 10-11, 1998, the IMF was northward for 29 hours. The solar wind and IMF parameters were relatively steady. 
Introduction
The Earth's magnetosphere can support a variety of oscillations with a very large spread of periods, including long periods of about 1 hour. Quasiperiodic recurrence of magnetospheric substorms has been observed during southward interplanetary magnetic field (IMF). Borovsky et al. [1993] geosynchronous satellites. They found that the most probable time between substorm onsets was -2.75 hours; this was interpreted to be the period between substorms when the IMF remains southward for extended periods of times so that the driving of the magnetosphere is uninterrupted. Farrugia et al. [1993] studied substorm activity during the passage of an interplanetary magnetic cloud during which the IMF was southward fbr approximately 18 hours. In total, 23 substorm onsets were identified during this period. The onsets were fairly evenly distributed with an average recurrence frequency of one substorm every-50 min; the shortest interval between substorms was -25 min and the longest was 100 min. Klimas et al. [1994] studied substorm recurrence with a Faraday loop model. Given a steady loading rate from the solar wind, the model showed that substorms are activated with a recurrence time of-1 hour, which is interpreted to be a natural unloading period in the magnetospheric dynamics. Siscoe et al. [1994] and Shodhan et al. [ 1996] presented Geotail observations of long-period (-100 min) oscillations in plasma density and velocity between magnetosheath-like and lobe-like values. They suggested that these oscillations were measured when the tail boundary moved back and forth over the satellite. The boundary oscillations might be caused by the expansions and contractions of the crosssectional area of the tail during substorms; this internally driven motion was termed "breathing."
Long-period fluctuations have been observed in both the magnetosphere and the ionosphere. Chen and Kivelson [ 1991] studied ultralow frequency waves in the lobes of the magnetotail and found fluctuations of magnetic field with a nominal period of -•35 min. Rinnert [1996] found quasiperiodic enhancements of electron density in the auroral E region in the European Incoherent Scatter (EISCAT) radar data. The periods were typically 40-60 min. These events could occur at all local times of day with a maximum probability in the morning sector. Lessard et al. [ 1999] presented ground and satellite observations of monochromatic (1-2 min) magnetic pulsations, spanning more than 8 hours in local time and from L = 5.9 to L = 9.6. The pulsations were modulated with a 45-min periodicity. It is not clear whether these long-period fluctuations were caused by fluctuations in the solar wind/IMF or by some processes intrinsic to the magnetosphere.
Huang et al. [2000a] recently reported quasiperiodic ionospheric disturbances that occurred during northward IMF.
After the IMF turned northward several hours, ground magnetometer magnetic deviations with a periodicity of -•40 min were observed in the magnetic latitude range 740-80 ø over an extended longitudinal region in the morning sector. The highlatitude oscillating currents were closely associated with the generation of gravity waves with similar periods; these were observed by HF radars at lower latitudes. The solar wind and IMF were relatively stable; there were no obvious source perturbations in the upstream solar wind for the ionospheric disturbances. They suggested that the source of the long-period ionospheric disturbances might be within the magnetosphere. Since the magnetic deviations recorded with ground magnetometers were quite weak (an amplitude of---10 nT), it was not possible to determine from the magnetometer record whether the disturbances traveled along some specific direction and whether the ionospheric convection showed corresponding changes.
In this paper, we present HF radar, ground magnetometer, and satellite observations of magnetospheric-ionospheric perturbations with periods 50-60 min within a 29-hour interval of northward IMF. We will study the quasiperiodic changes of global convection and discuss the mechanism responsible for the perturbations.
Observations
We study an event that occurred on November 11, 1998. •-3   •  I  ,  I  [  I  ,  I  •  I  •  I  ,  I  ,  I  ,  I  [  I  ,  I  ,   0  1  2  3  4  5  6  7  8  9  10  11  12   TIME, HOURS (UT, 1998 To study the ionospheric convection oscillations, we use data from six HF radars of the Super Dual Auroral Radar Network (SuperDARN) [Greenwald et al., 1995] in the Northern Hemisphere. The names and locations of these radars are listed in Table 1 . In general, each radar pair has a maximum possible common field of view of about 4x106 km 2. Within this target region there are in principle 256 intersection points between the 16 beams of each radar. In practice, there are not usually line-ofsight data from both radars at all these intersection points, because that would require that both the propagation and the scattering conditions be favorable for each of the radars. Therefore the field of view in general contains three classes of intersection points, those with data from both radars, those with data from one radar only, and those with no data. The radar data are used as the inputs for a spherical harmonic type of expansion [Ruohoniemi and Baker, 1998 ] of the global convection (or electric potential, since the equipotential surfaces are convection streamlines). Wherever there is a region in which data exist at a number of points from at least one radar, the above expansion is strongly constrained, and full velocity vectors can be derived. These regions are easily identified on the convection plots such as Figures 2 and 3 [Ruohoniemi and Greenwald, 1996 ] is used to complete the global potential pattern, but as noted by the above authors, considerable discretion should be used in interpreting such contours. The nominal points of highest and lowest potential are marked with a plus and a cross, respectively, and are used to estimate the cross-polar cap potential, written near the bottom right comer of each map (as in Figures 2 and 3) . The dayside convection could be very structured and appeared as multicell patterns for northward IMF, as observed at later times on the In order to identify the perturbations which are of interest, we apply a band-pass filter (3-100 min) to the GOES 8 data to remove the half-day variations. Since the quasiperiodic perturbations in the radar velocity occur between 0300 and 1000 UT (Plate 1), the filtered GOES 8 data are also given for this interval, as shown in Figure 4c . Between 0300 and 0700 UT, the H• and H e perturbations are almost in phase; the He perturbations appear to have a phase delay. After 0700 UT the Hp and H,, components show some shorter-period perturbations. We will not discuss the relationship among the three components in detail. The important result for our purpose is that the magnetospheric magnetic field shows perturbations with periods similar to the ionospheric velocity (or electric field) perturbations.
We compare the measurements of the magnetospheric magnetic field perturbations and the ionospheric electric field perturbations. Figure 5 1998. The locations of the magnetometer stations are given in Table 1 Rinnert [1996] reported observations of quasiperiodic (40-60 min) enhancements of electron density in the auroral E region and suggested that the periodic density enhancements were caused by periodic particle precipitation controlled by oscillations in the magnetotail. It was mentioned that no events could be found after long quiet intervals. At least a short period of increased geomagnetic activity must have happened before the periodic density enhancements were observed. In contrast, the periodic perturbations presented in this paper were observed after the IMF turned northward for 14 hours and were not associated with the increased geomagnetic activity prior to the quasiperiodic density enhancements. In addition, E region density enhancements should increase the ionospheric conductivity and cause obvious magnetic deviations, but the magnetic perturbations in our event were very weak. In the event reported by Lessard et al. [ 1999] , nearly monochromatic shortperiod (1-2 rain) magnetic pulsations observed at the ground and On satellite were modulated with a 45-min periodicity. They suggested that a global disturbance could induce a radially We think that the tail acts as a large three-dimensional cavity within which various standing wave patterns can occur and that during northward IMF, some of the natural periods associated with those patterns will be from 40 to 60 min. The shape of the cavity has been the subject of several studies. Sibeck et al. [ 1985] found that there is an elliptical cross section of the tail in the Y-Z plane (GSM coordinates), with the tail being flattened in the Z direction and more extended by a factor of 3 in the Y direction, for a strong 12 nT draping field. For a 5 nT draping field the major axis was only 50% more than the minor axis [Sibeck et al., 1986] The above results show that the three-dimensional shape of the magnetotail cavity is critically dependent on IMF conditions. In general, one would expect a complex set of standing wave modes in the magnetospheric cavity. The standing wave modes in such a cavity could be excited by various mechanisms, both internal and external to the magnetosphere, including the breathing, windsock, and wrenching mechanisms suggested by Shodhan et al. [1996] . Another example involves the simulations of Usadi et al. [1993] . They showed that large-scale twin vortices can be generated in the equatorial plane of the magnetosphere after the IMF tums northward for---1 hour (their Figure 12a) . They argued that the twin vortex structure is caused by the deformation of the magnetosphere from a stretched-tail shape to a more dipolar shape, but not due to a Kelvin-Helmholtz instability. The tail convection associated with the twin vortex structure maximizes around X = -30 Re and has the vorticity associated with the region 1 currents.
Let us now concentrate on the generation of long-period oscillations due to standing waves in the X-Z plane of the tail. We propose that the periodic oscillations are excited by the movements of the closed tail boundary in response to the IMF. Such oscillations would lead to compressional waves. In turn, these waves would be reflected back at the near-Earth large pressure gradient region at about X = -8 --10 Re, with the result that a standing wave pattern is produced.
In the proposed scenario the oscillations of the tail boundary can be excited by the deformation and overshoot of the magnetosphere from a tail shape to a more dipolar shape or by IMF perturbations. Since the size of the closed magnetosphere is mainly determined by the magnitude of Bz, a large change in Bz can cause the expansion and/or contraction of the closed magnetosphere and subsequent oscillations. This is also similar to the compression of the dayside magnetosphere by a solar wind pressure enhancement and subsequent oscillations at some intrinsic period. For the present event the IMF perturbations might play a role. The periodic ionospheric perturbations were observed 14 hours after Bz turned northward. The tail oscillations excited by the first contraction of the magnetosphere could have been damped. As shown in Figure lb , there were fluctuations in the three IMF components between 0030 and 0230 UT; these IMF fluctuations might have been capable of exciting the tail oscillations. After excitation the magnetospheric oscillations would continue at the natural resonant period, until they are damped due to energy dissipation. The IMF perturbations between 0500 and 0700 UT might have enhanced the tail oscillations. We suggest that the magnetospheric oscillations occur at an intrinsic frequency determined by the tail length; the function of IMF perturbations is to excite or enhance the magnetospheric oscillations.
We can estimate the period of the tail oscillations by assuming that the magnetotail cavity resonates due to the standing waves produced by compressional ( Consequently, the plasma density could have been higher, and the Alfven velocity could have been lower. The relationship between the compressional wave velocity and Alfven velocity is given by [Kivelson, 1995] { We can now address the question of why the ionospheric convection patterns observed by the radars are seen to exhibit the long-period oscillations at lower latitudes rather than at the high latitudes that would map out to the tail at 50-80 Roe. The answer may be similar to the effect found in the simulations of Birn and Hesse [1996] for substorm conditions. They showed that, although midtail reconnection during substorms occurred near X = -23 Roe, the resulting field-aligned currents to the ionosphere were concentrated near X = -13 Roe, far from the reconnection site, even though the reconnection is the ultimate energy source for the currents.
This type of scenario could be extended to the standing wave pattern in the X-Z plane that we propose above for positive B• conditions. If the waves are not completely reflected at X--10 Roe, that is, if the boundary there is not totally fixed but is partially free, then it would be likely that some energy would be transferred from the standing wave pattern to the convection pattern at these near-Earth distances. Suppose that there is a global earthward electric field [Lessard et al., 1999] . This electric field will drive plasma to move eastward in the magnetosphere and ionosphere. The resulting lower-latitude convection pattern would exhibit the eastward motion caused by the radially inward electric field, and the convection would certainly be strongly influenced by the periodicity of the standing wave mode.
In our event the ionospheric convection vortex formed around 0200 MLT near magnetic latitude 70 ø. For a dipolar geometry the relationship between the L value in the equatorial plane and the magnetic latitude 00 of the field line on the Earth's surface is given by 00----cos-1/•ZZ 1 
Summary
The IMF turned northward at 1300 UT on November 10, 1998, and remained northward for 29 hours. The Kp index was not larger than 1 + over the entire interval. We have observed, for the first time, long-period magnetospheric-ionospheric perturbations with HF radars, ground-based magnetometers, and satellite magnetometers, during this prolonged interval of northward IMF. The major findings are as follows. 
